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ABSTRACT 

A new concept  i n  hea t  s h i e l d  d e s i g n  i s  d e s c r i b e d  i n  

which the  main s p a c e c r a f t  i s  e f f e c t i v e l y  "hidden" i n  t h e  wake 

of a torus-shaped  heat s h i e l d .  T h i s  heat s h i e l d  i n c r e a s e s  t h e  

shock  s t a n d - o f f  d i s t a n c e  and enhances t h e  " r a d i a t i o n - c o o l i n g  

e f f e c t , "  such t h a t  t h e  k i n e t i c  energy  of  t h e  combined e n t r y  

v e h i c l e  is s u f f i c i e n t l y  a t t e n u a t e d  wi thou t  h e a t i n g  up t h e  

main s p a c e c r a f t .  The f low p a t t e r n s  o f  b o t h  a hype r son ic  s p h e r e  

and h y p e r s o n i c  t o r u s  are d e s c r i b e d  t o  i l l u s t r a t e  t h e  e f f e c t .  
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MEMORANDUM FOR F I L E  

I N T R O D U C T I O N  

Atmosphere e n t r y  speeds of p l a n e t a r y  p r o b e s ,  such  
as might be  used  i n  t h e  e x p l o r a t i o n  of Mars o r  Venus, can  
be s i g n i f i c a n t l y  above p a r a b o l i c  speed .  I n  minimum-energy 
(Hohmann) t r a n s f e r ,  t h e  e n t r y  speeds a r e  only  s l i g h t l y  i n  
e x c e s s  of  p a r a b o l i c  (38 k - f t / s e c ) ,  b u t  t hese  t r a j e c t o r i e s  
r e q u i r e  long  t r l p  times ( t y p i c a l l y  259 days  f o r  Mars and 
1 4 6  d a y s  f o r  Venus) .  En t ry  speeds w i l l  b e  s i g n i f i c a n t l y  
abcve  p a r a b o l i c  i f  t h e  t r i p  times are  s h o r t e n e d .  A p r i r i c i p a l  
c o n s i d e r a t i o n  a t  sucn  high speeds  i s  t h e  h e a t i n g  problem.  
The problem i s  whether  t h e  e n t r y  v e h i c l e  can s u r v l v e  h e a t j n g  
a t  such  speeds and if s o ,  how s e v e r e  a p e n a l t y  i s  p a i d  i n  
terms o f  weight  o f  t h e  v e h i c l e  heat s h i e l d .  

To i l l u s t r a t e  t h e  s e v e r i t y  of  t h e  h e a t i n g  problem 
a s s o c i a t e d  w i t h  h ighe r  e n t r y  speeds, c o n s i d e r  a s i m p l e  
s p h e r i c a l  e n t r y  v e h i c l e  o f  one f o o t  r a d i u s  and b a l l i s t i c  
c o e f f i c i e n t  50 l b / f t 2  i n  v e r t i c a l  e n t r y  i n t o  t h e  e a r t h ' s  
a tmosphere .  The t o t a l  h e a t i n g  l o a d  on t h e  e n t r y  v e h i c l e  i s  
p l o t t e d  a g a i n s t  $he e n t r y  speed i n  F i g u r e  l.* 
e m i s s i v i t y  of t h e  gas which v a r i e s  as t h e  g a s  t e m p e r a t u r e ,  
d e n s i t y ,  and compos i t ion ,  t h e  r a d i a t i v e  c o n t r i b u t i o n  t o  t h e  
h e a t i n g  may vary w i t h  v e l o c i t y  by as much as t h e  1 5 t h  power. 
Hence, a l t h o u g h  f o r  e n t r y  f rom low a l t i t u d e  ea r th  o r b i t  t h e  
r a d i a t i v e  c o n t r i b u t i o n  i n  t h e  c a s e  of a b l u n t  body i s  u s u a l l y  
n e g l i g i b l e ,  i t  t e n d s  t o  become overwhelming a t  speeds i n  
e x c e s s  of  ea r th  p a r a b o l i c  speed.  

are main ly  c o n v e c t i v e  h e a t i n g  ( o r  f r i c t i o n a l  h e a t i n g )  and 
r a d i a t i v e  h e a t i n g ,  A t  r e l a t i v e l y  low speeds ,  t h e  f r i c t i o n a l  
f o r c e  e x e r t e d  on a v e h i c l e  s u r f a c e  i s  d i r e c t l y  re la ted  t o  t h e  
p r o c e s s  by which heat can  be convec ted  t o  t h a t  s u r f a c e .  The 

Due t o  t h e  

The b a s i c  mechanisms invo lved  i n  t h e  h e a t i n g  p r o c e s s  

*Actua.l ly t h e  t o t a l  h e a t i n g  l o a d  i s  lower t h a n  t h e  approx i -  
ma t ion  r e p r e s e n t e d  i n  t h i s  cu rve ,  due t o  e f f e c t s  o f  s e l f - a b s o r p t i o n  
and r a d i a t i o n - c o o l i n g .  
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i n c r e m e n t a l  q u a n t i t y  o f  energy i n  t h e  form o f  hea t ,  6H, 
convected  t o  a n  e n t r y  v e h i c l e ,  i s  r e l a t e d  t o  t h e  i n c r e m e n t a l  
change i n  k i n e t i c  energy  of t h e  e n t r y  v e h i c l e  6E b y  

F 
D 6H% -6E 

where F i s  t h e  t o t a l  f r i c t i o n a l  f o r c e  e x e r t e d  on t h e  v e h i c l e  
s u r f a c e ,  and D i s  t h e  t o t a l  drag f o r c e  expe r i enced  by t h e  
v e h i c l e .  To minimize t h e  c o n v e c t i v e  h e a t i n g ,  a v e h i c l e  i s  
shaped such  t h a t  t h e  r a t i o  of f r i c t i o n a l  f o r c e  t o  t o t a l  d r a g  
f o r c e  i s  t h e  minimal .  Thus t h e  b l u n t  s h a p e s ,  f o r  which t h e  
p r e s s u r e  d r a g  i s  h i g h ,  a r e  commonly chosen f o r  e n t r y  v e h i c l e s .  

S i n c e  t h e  g a s  en tha lpy  behind  t h e  bow shock i s  pro-  
p o r t i o n a l  t o  t h e  s q u a r e  of t h e  v e h i c l e  f l i g h t  Mach number, o r  
t h e  s q u a r e  of  t h e  e n t r y  speed,  t h e  shock l a y e r  ( i . e .  t h e  l a y e r  
between t h e  bow shock and t h e  e n t r y  v e h i c l e )  a t  h i g h e r  e n t r y  speeds  
becomes h o t  and h i g h l y  e x c i t e d .  T h e  a i r  which e n t e r s  
t h i s  shock l aye r  undergoes such h i g h  m o l e c u l a r  e x c i t a t i o n s  
t h a t  i t  becomes a n  i n t e n s e  source  of  r a d i a t i o n .  Because t h i s  
r a d i a t i o n  s o u r c e  i s  s o  c l o s e  t o  t h e  v e h i c l e  s u r f a c e ,  approx i -  
m a t e l y  ha l f  of  t h e  r a d i a t i v e  energy  i s  absorbed  by  t h e  v e h i c l e  
w h i l e  l ess  t h a n  a f e w  p e r c e n t  of  t h e  t o t a l  hea t  (gas e n t h a l p y )  
i s  abso rbed  by t h e  v e h i c l e  through convec t ion .  

Up t o  t h e  p r e s e n t  t i m e  e n t r y  speeds  from e a r t h  
o r b i t  have “ueen s u f f i c i e n t l y  low t h a t  h e a t i n g  has  been e s sen -  
t i a l l y  a c o n v e c t i v e  p r o c e s s .  Blunt  shaped e n t r y  b o d i e s ,  eiiiploy 
a b l a t i v e  heat s h i e l d s ,  have been s u c c e s s f u l l y  p r o t e c t e d  from 

nr* 
- 1 1 6  

c o n v e c t i v e  h e a t i n g .  A t  t h e  h i g h e r  e n t r y  speeds  d e s i r e d  i n  t h e  
f u t u r e ,  i t  a p p e a r s  d i f f i c u l t  t o  p r e v e n t  t h e  r a p i d  i n c r e a s e  i n  
r a d i a t i v e  h e a t i n g  of a b l u n t  body by means o f  an  a b l a t i v e  heat  
s h i e l d  a l o n e .  T h e r e f o r e ,  i t  i s  i m p o r t a n t  t o  re-examine t h e  ef-  
f e c t  of v e h i c l e  shape  o r  h e a t  s h i e l d  c o n f i g u r a t i o n - w h e n  r a d i a t i v e  
c o n t r i b u t i o n s  t o  h e a t i n g  a r e  dominant .  Allen1 e t  a l . ,  sugges t ed  
t h e  u s e  o f  c o n i c a l  shaped bod ies  t o  r e d u c e  r a d i a t i v e  h e a t i n g ,  
b u t  t h i s  incurs t h e  p e n a l t y  of  i n c r e a s i n g  t h e  c o n y e c t j v e  h e a t i n g ,  
which has t o  be  fended o f f  by a b l a t i o n  or mass i n j e c t i o n .  T h i s  
r e s u l t s  i n  h i g h  mass loss o r  h igh  heat  s h i e l d  we igh t .  

I 
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A new concept in heat shield configuration consisting 
of a torus-shaped deployable heat shield in front of the main 
vehicle, shown in Figure 2 ,  is proposed. Because of the small 
solid angle subtended by the radiative heat source with respect 
to the main vehicle, and because of the la.rge "radiation-cooling 
effect," both the radiative and convective heat transfer to 
the main vehicle are reduced in this configuraton. To illus- 
trate these effects further, the flow fields around a sphere 
and around a torus-shaped body have been investigated. 
Flow Field Around a Hypersonic Sphere 

The flow field of a hypersonic reentry blunt body 
in the continuum regime has been studied extensively in the 
last decade. A,qualitative description of the flow pattern 
is shown in Figure 3. 
and deceleration of the gas are accomplished by the detached 
bow shock in front of the body. Upon traversing this shock, 
the gas enters the shock layer which is, in fact, the high- 
temperature environmental source for the heat transfer to 
the body. The temperature, density, and volume of this heat 
souree are important in determining the heat transfer to the 
body. The temperature and the density are dependent on the 
entry-velocity and the composition and density of the atmos- 
phere. 
are obtained from the Rankine-Hugoniot relations, as follows; 

The intense compressional heating 

For  a frozen flow in air, this temperature and density 

L - =  - n, 6, for M1>>l 1 + -(M12-l) Y-1 
Y + l  

where p1 and T1 are free-stream density and temperature in 
front of the bow shock, p 2  and T2 are density and temperature 
in the shock layer behind the bow shock, y is the ratio of 
specific heats, and M1 is the vehicle flight Mach number. 
volume of this heat source is proportional to the stand-off 
distance A (the distance between the bow shock and the body). 
This distance is a function of the radius of curvature, R, 
of the nose and the gas density ratio across the shock wave, 
p l / p 2 .  Approximately, 

The 
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(3) 

To a good approximat ion  ---e c o n v e c t i v e  heat  f l u x  
a t  t h e  s t a g n a t i o n  ? o i n t ,  4,, depends on t h e  gas d e n s i t y  P1, 

body v e l o c i t y  u ,  and body r a d i u s  R ,  as* 

(4) 4, 1- 3 Y2 
R a d i a t i v e  heat  t r a n s f e r  a t  t h e  s t a g n a t i o n  p o i n t  i s  es t imated 
t o  v a r y  as 1 

where n r a n g e s  from 5 up t o  15 and depends on t h e  compos i t ion  
of t he  gas. From t h e  Equa t ions  (4) and ( 5 1 ,  i t  i s  e v i d e n t  
t h a t ,  a t  h i g h  body v e l o c i t y ,  t h e  r a d i a t i v e  heat t r a n s f e r  be- 
comes overwhelmingly impor t an t .  

Around t h e  body, t h e  gas i s  f i r s t  compressed b y  
t h e  shock wave, and t h e n  expands t o  a low pressure ( s t i l l  
greater  t h a n  ambient )  by P r a n d t l - M e y e r  expans ion  waves. A t  
t h e  base of  t h e  body there  i s  shear f low between t h e  v i s c o u s  
c i r c u l a t i n g  (or base f low)  r e g i o n  and t h e  i n v i s c i d  o u t e r  
wake, t h i s  shear l a y e r  b e i n g  made up predominant ly  o f  boundary 
l a y e r  f l u i d .  The shear layer  conve rges  on the  c e n t e r  l i n e ,  
e v e n t u a l l y  undergoing  normal shock a t  t h e  "neck" o f  t h i s  f low,  
from which a n  o b l i q u e  "wake shock" d e v e l o p s ,  u l t i m a t e l y  forming  
a v i s c o u s  c o r e  or i n n e r  wake. F l u i d  i n  t h e  i n v i s c i d  wake c r o s s e s  
t h e  wake shock,  i n c r e a s i n g  i t s  p r e s s u r e ,  t e m p e r a t u r e  and d e n s i t y .  
I n  c o n t i n u i n g  downstream t h i s  o u t e r  wake merges w i t h  t h e  i n n e r  
wake. 

*A l amina r  boundary l a y e r  i s  assumed. For o t h e r  assumpt ions  
and d e r i v a t i o n s  see Reference  2 .  
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Moreover, the electrons generated by the bow shock 
in front of the blunt body, and by the deceleration and 
heating of the gas at the neck, shield the body from electro- 
magnetic radiation, causing communications blackout. 

. The distribution of parameters in this flow field 
is the result of a complex interaction of body velocity, 
body shape, chemical kinetics and boundary layer transition. 
Exact solutions are extremely difficult, if not impossible 
to obtain. There are several methods of approximation, such 
as are given in References 3 and 4. 

Flow Around a Hypersonic Torus Moving Along Its Axis of Symmetry 

In the flow field of a hypersonic torus, similar to 
the hypersonic sphere case discussed above, there is a detached 
bow shock in front of the torus body, a shock layer, expansion 
waves, free shear layer, base flow, neck, wake shock, outer 
wake, inner wake, etc., as is shown in Figure 4.*  However, 
the bow shock in the center part of the torus is sucked In and 
forms  an important and complicated "shock interaction" region, 
where Mach reflections, slipstreams, interactions of shock 
waves and expansion waves, etc., occur. Presumably, the shock 
interaction region is a high temperature, high density, non- 
uniform non-equilibrium region. 

Initially, as the gas molecules enter the region, 
they w i l l  reach a high translational temperature and a high 
degree of electronic excitation, resulting in intense radiative 
emission. As the molecules undergo collision, the remaining 
ini ier  degrees of freedom will be exzlted, and dlssoelation 
and ionization will follow. The gas will finally reach its 
state of thermochemical equilibrium, and the emission will 
decay to its equilibrium level. 

The flow behind the shock interaction region, the 
"center wake," is subsonic and relatively cold. Hence both 
convective and radiative heat fluxes to a body "hidden" in 
the center wake are significantly reduced. Due to the com- 
plexity of the problem, o n l y  order of magnitude estimates 
will be given to demonstrate these effects. 

Assuming the shock interaction region is one of 
isoenergetic, grey and transparent gas then, as is shown by 

*This qualitative flow pattern is obtained by assuming a 
two-dimensional flow, and using the oblique-shock relations, 
the Prandtl-Meyer expansion, the shock polar, and the pressure 
matching technique. 
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Kourganoff5,  t h e  t o t a l  energy  emiss ion  r a t e  p e r  u n i t  volume 
of  g a s  a t  a t e m p e r a t u r e  T and d e n s i t y  p i s  

where : 

J O  

Planck Law - 4rr-nv3 1 
Bv - C 2 e  hv/kT-l 

K = mass a b s o r p t i o n  c o e f f i c i e n t  
V 

k = Boltzmann c o n s t a n t  

c = speed o f  l i g h t  

v = r a d i a t i o n  f r equency  

D e f i n i n g  t h e  P lanck  mean mass a b s o r p t i o n  c o e f f i c i e n t  K by 

where 

, Stefan-Boltzmann c o n s t a n t  nLk4 a =  
60c2fi3 

The emis s ion  r a t e  i s  g i v e n  by 

4 Er = 4paKT 

Note t h a t  K i s  a s t rong  f u n c t i o n  of g a s  t e m p e r a t u r e  and 
compos i t ion .  For  example,  
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where p0 is the air density at sea level, and T is the gas 
temperature in O K .  The above equation is a good approximation 
for air between 8000OK and 16,0OO0K. 6 

As mentioned before, the flow field in the shock 
interaction region 1s very complex, even without radiation. 
However, in order to estimate the radiation-cooling effect 
and the rad9ative heat transfer, an exceedingly simplified 
model is used to estimate the temperature profile in the 
shock interaction region. In this model, the following 
assumptions are made: the shock interaction region is an 
optically thin plane layer of incompressible gas extending 
to infinity in the direction normal to the flow, and the gas 
entering the shock interaction region is heated to the 
frozen temperature by adiabatic shock heating (Equation 2) 
and relaxes to a lower temperature by radiation only. Under 
these assumptions, theequation of energy conservation is 
simply the balance between radiation loss Er (Equation 7 )  
and the change of enthalpy of the gas p x ,  i.e. dh 

4 dh + 4pKaT = 0 

following the gas molecules, dt = - dx, where x = 0 at the 

center shock and increases toward the vehicle surface, and u2 
is the flow velocity* in the shock interaction region. 
Using the dimensionless variables 

u2 

X s = K  

%This flow velocity is obtained from the mass continuity 
equation. 
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E q u a t i o n  8 becomes* 

- 0 -  

where 

I n t  

i 1 . 2 8  
C = 3x10 -3 b o  - P I U I C p T l  

’ i  p1 T1\6*54 
aT14R 

C = s p e c i f i c  heat  a t  c o n s t a n t  p r e s s u r e  

R = v e h i c l e  r a d i u s  i n  f t  
F 

= g a s  d e n s i t y  a t  sea l e v e l  PO 

u and T1 are free-stream gas de p 1 ,  1 
and t e m p e r a t u r e ,  r e s p e c t i v e l y .  

T2 

T1 

-m 

e g r a t i n g  Equa t ion  11 from 5 = 0; T = - t o  

1 

I \ 9.54’ 
i T, i q 

T1 L iTl/ j 
T = - ( l + L  T 2  f 9 5 4  I L  1 - 1  

n s i t y ,  v e l o c i t y  

5 ;  T g i v e s  

For  a t y p i c a l  c a s e ,  w e  s e l e c t  a main v e h i c l e  r a d i u s  R = 1 f t ,  
w i t h  a d i s t a n c e  of 3R from t h e  t o r u s ,  and e a r t h  e n t r y  speed 
u1 = 40,000 f t / s ec  a t  an  a l t i t u d e  of  1 0 0  k - f t .  The r e s u l t a n t  
t e m p e r a t u r e  n e a r  t h e  v e h i c l e  s u r f a c e  i s  about  1 0 %  o f  t h e  t e m -  
p e r a t u r e  j u s t  beh ind  t h e  shock wave. Moreover, n e a r  t h e  ma in  
v e h i c l e  s u r f a c e ,  c ~ , ~ , ,  

T = c o n s t a n t  l i m  
u,+ m 

( 1 4 )  
I 

* I n  t h i s  c a l c u l a t i o n  t h e  P lanck  mean a b s o r p t i o n  c o e f f i c i e n t  
K i s  o b t a i n e d  from Reference  6 .  
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That i s ,  as t h e  e n t r y  speed  f u r t h e r  i n c r e a s e s ,  t h e  t empera tu re  
j u s t  beh ind  t h e  shock wave i n c r e a s e s  as t h e  s q u a r e  of t h e  
e n t r y  speed ,  b u t  t h e  tempera ture  n e a r  t h e  v e h i c l e  s u r f a c e  
approaches  a c o n s t a n t .  The re fo re ,  c o n v e c t i v e  heat w i l l  on ly  
f n c r e a s e  as u ' I2*, i n s t e a d  of as u3 (Equa t ion  4 ) .  

To i l l u s t r a t e  t h e  r e d u c t i o n  o f  r a d i a t i v e  h e a t i n g ,  
a comparison o f  r a d f a t i v e  h e a t  f l u x  t o  t h e  main v e h i c l e  w i t h  
and w i t h o u t  t h e  t o r u s  i n  f r o n t  has been  made. The r a t e  a t  
which energy from t h e  r a d i a t i v e  heat s o u r c e  o f  volume d V  i s  
absorbed  by t h e  s u r f a c e  a r e a  d A  of a b l a c k  body, h idden  i n  
t h e  c e n t e r  wake, i s  

,- 
cos0dA dV 

Q,dA = 1 Er 2 i 41~d 
J 
volume of  r a d i a t i v e  h e a t  sou rce  

where 0 i s  t h e  a n g l e  between t h e  r a y  d i r e c t i o n  and t h e  s u r f a c e  
normal and d i s  t h e  d i s t a n c e  between t h e  r a d i a t i v e  sou rce  
( t h e  shock i n t e r a c t i o n  r e g i o n )  and t h e  s u r f a c e  e lement .  
L e t  0 and x b e  t h e  two independent  c o o r d i n a t e  v a r i a b l e s ,  t h e n  
t h e  volume element  i s  

dV 

and 

*Because 4, = 

= zn x 2  sine d0dx 
2 c o s  0 

Nur.kr ( Tw-Tr 
R 

(Tw-Tr) Q, u ' I2 for c o n s t a n t  T ~ ,  ' I2 5/2 P r  

where Nu, i s  t h e  N u s s e l t  number o f  t h e  f low,  kr i s  t h e  thermal  
c o n d u c t i v i t y  of the  gas, p i s  t h e  v i s c o s i t y  of  t h e  gas, P r  i s  
t h e  P r a n d t l  number, and Tw and Tr are s u r f a c e  t empera tu re  and 
r e c o v e r y  t e m p e r a t u r e ,  r e s p e c t i v e l y .  
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' sine dedxdA Er 2 
' O s *  dVdA = 

2 Therefore, 
i ./ -) Er 4nd 

Volume 

- e = e ( c )  
sine i rs'sb. s . 

i Er 2 dedSdA = R  

where tbms 
specified by the boundary of the radiation source. Let E be 
the thickness of the dominant radiative heat source, then 

is the value of 5 at the body surface, and 8 ( 5 )  is 

e = e (  0)  

dOdA sine 
2 
- 

e=o  

,? e = e W  
I sine dBdcdA = R --2 I e=o 

In the present case, the temperature profile (Equation 13) is 
such that the dominant contribution of the radiative heat flux 
comes from a thin layer  of thickness 'E much smaller than 
lom1. It can be shown that 
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T h e r e f o r e ,  i t  i s  a good approximat ion  t o  n e g l e c t  t h e  second 
i n t e g r a l  on t h e  r igh t -hand  s i d e  of Equa t ion  (16). The 

r a d i a t i v e  h e a t  f l u x  4, t o  t h e  body s u r f a c e  of u n i t  a r e a  i s  
t h e n  

T E  . 
The I n t e g r a l  

t o r u s  and wi thou t  i t  i f  - and the  f r e e - s t r e a m  c o n d i t i o n s  are  

t h e  same. It might  be a rgued  tha t  t h e  t o r u s  w i l l  change t h e  
b a l l i s t i c  c o e f f i c i e n t  o f  t h e  combined e n t r y  v e h i c l e ,  hence 

- o r  t h e  f r e e - s t r e a m  c o n d i t i o n s  w i l l  d i f f e r .  S i n c e  t h e  b a l l i s t i c  

c o e f f i c i e n t ,  B, i s  e q u a l  t o  - CDA ' adding  t h e  t o r u s  c e r t a i n l y  i n -  

c r e a s e s  t h e  f r o n t  area, A ,  and t h e  d r a g  c o e f f i c i e n t ,  CD. The 
mass, M, of t h e  combined e n t r y  v e h i c l e  i s  a l s o  i n c r e a s e d .  I n  
g e n e r a l ,  if t h e  averaged  s p e c i f i c  weight  of t h e  t o r u s  h e a t  
s h l e l d  i s  t h e  sane as t h e  averaged s p e c i f i c  weight cf t h e  main 
v e h i c l e , , t h e  b a l l i s t i c  c o e f f i c i e n t  of  t h e  combined v e h i c l e  w i l l  
be 2 5 %  lower t h a n  t h e  b a l l i s t i c  c o e f f i c i e n t  of t h e  main v e h i c l e  
a l o n e .  For t h e  c a s e  cons ide red  h e r e ,  i f  a hol low s t e e l  t o r u s  o f  
3/16" w a l l  t h i c k n e s s  i s  used ,  t he  b a l l i s t i c  c o e f f i c i e n t  of t h e  
combined v e h i c l e  w i l l  be  about 1 . 4  s l u g / f t 2 ,  which i s  1 0 %  lower 
t h a n  t h e  b a l l i s t i c  c o e f f i c i e n t  of t h e  main v e h i c l e  a l o n e .  S i n c e  
on ly  a small p e r c e n t a g e  change of t h e  b a l l i s t i c  c o e f f i c i e n t  o c c u r s ,  
a rough e s t i m a t i o n  of t h e  e f f e c t  of B on the  maximum r a d i a t i v e  
h e a t i n g  can  e a s i l y  be o b t a i n e d .  

ErdS g i v e s  the  same v a l u e  b o t h  w i t h  t h e  
j o  T 2  

T1 

T2 
T1 

AB 

By Equa t ion  7 ,  

4 
o, p K T  % pmTn Er 

where m and n are de termined  by t h e  P lanck  mean a b s o r p t i o n  
c o e f f i c i e n t  K .  

According t o  A l l e n  and Eggers ,  
I n  t h e  p r e s e n t  c a s e ,  m = 1 . 2 8  and n = 1 0 . 5 4 .  

7 
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V = V E  exp[- - .-BY] 
2 BB 

e - B Y  P = P o  

T V2 

where VE i s  the  e n t r y  v e l o c i t y ,  p o  i s  t h e  sea l e v e l  d e n s i t y ,  
B i s  t h e  atmosphere s c a l e  h e i g h t ,  and y i s  t h e  a l t i t u d e .  To 

f i n d  t h e  maximum r a d i a t i v e  h e a t i n g ,  (Er)max,  w i t h  r e s p e c t  t o  . 
a t  which a Er 

Ymax 9 
t h e  a l t i t u d e ,  - = 0 g i v e s  t h e  a l t i t u d e ,  

a Y  
occu r s .  The r e s u l t s  a r e  (Er)max 

and 
. m -m (Er)max % - e  n B 

T h e r e f o r e ,  

T h a t  i s ,  a d e c r e a s e  i n  B w i l l  a lways  d e c r e a s e  t h e  r a d i a t i v e  
h e a t i n g .  By Equa t ion  17, n e g l e c t i n g  t h e  changes i n  b a l l i s t i c  
c o e f f i c i e n t ,  t h e  r a t i o  of r a d i a t i v e  h e a t  f l u x e s  t o  t h e  v e h i c l e  
i s  s imply ,  

TI 

wi thou t  t o r u s  1 j T  s i n e d e  
4, 

2 -  
U 
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For  t h e  geometry i n  F i g u r e  4 ,  where D / r  = 6 ,  D = 2 R ,  and L = 4R, 
. Hence -1 3 e ( 0 )  = C O S  - 

' r n  

, W o >  
s i n e d e  = . O 5  

1 0  
Tha t  i s ,  t h e  r a d i a t i v e  heat  f l u x  t o  t h e  main v e h i c l e  i s  reduced  
by a f a c t o r  of 20 by h i d i n g  i t  behind t h e  t o r u s  heat  s h i e l d .  

Deployable  Heat S h i e l d  

I n  view of t h e  above d i s c u s s i o n ,  i t  i s  sugges t ed  t h a t  
h i d i n g  t h e  main s p a c e c r a f t  i n  t h e  "co ld"  c e n t e r  wake o f  a de- 
p l o y a b l e  s h i e l d i n g  v e h i c l e  may b e  one way t o  s i g n i f i c a n t l y  
r e d u c e  t h e  r a d i a t i v e  heat t r a n s f e r  t o  t h e  main v e h i c l e .  

I n  p r a c t i c e ,  t h e  t o r u s  i n  f r o n t  of  t h e  e n t r y  v e h i c l e  
can  be  c o n s i d e r e d  as a d e p l o y a b l e  heat  s h i e l d ,  which i s  c l o s e l y  
a t t a c h e d  i n  f r o n t  o f  t h e  main s p a c e c r a f t  b e f o r e  e n t r y ,  and 
ex tended  forward  and h e l d  i n  p o s i t i o n  by  a f e w  s t e e l  t r u s s e s  
d u r i n g  e n t r y  as i s  shown i n  F i g u r e  2 .  Fur thermore ,  t h i s  de- 
p l o y a b l e  heat s h i e l d  and a s s o c i a t e d  t r u s s e s  might a l s o  be used 
as a "couch s t r o k e "  ( o r  shock a b s o r b e r )  t o  abso rb  t h e  k i n e t i c  
ene rgy  of  impact  f o r  a c r u s h a b l e  l a n d e r .  O the r  problems under  
c o n s i d e r a t i o n  are t h e  s t r e n g t h  of m a t e r i a l s  under  h i g h  tempera- 
t u r e  and t h e  s t a b i l i t y  of t h e  combined v e h i c l e .  S i n c e  only  
a f r a c t i o n  o f  t h e  t o t a l  d rag  f o r c e  i s  a c t i n g  on t h e  t o r u s ,  
t h i s  a l l e v i a t e s  t h e  s t r e n g t h  o f  t h e  mater ia l  problem. A s  f o r  
t h e  s t a b i l i t y  problem, i t  i s  hoped tha t  t h e  combined v e h i c l e  
can  be s t a b i l i z e d  by p r o p e r l y  l o c a t i n g  t h e  c e n t e r  of g r a v i t y  
and d i s t r i b u t i n g  t h e  d r a g  f o r c e ,  w i thou t  e x c e s s i v e  dependence 
on s p i n  o r  o t h e r  means of s t a b i l i z a t i o n .  

It i s  obvious  t h a t  a body i n s e r t e d  i n  t he  c e n t e r  
wake w i l l  p e r t u r b  t h e  f l o w  f i e l d  l o c a l l y ;  however, t h e  g e n e r a l  
f l ow p a t t e r n  shou ld  n o t  b e  a l t e r e d  s i g n i f i c a n t l y  from t h a t  
shown i n  F i g u r e  4 .  Hence t h e  o r d e r  of  magni tude estimates 
g i v e n  above should  h o l d .  For more a c c u r a t e  c a l c u l a t i o n s  con- 
c e r n i n g  t h i s  d e p l o y a b l e  heat s h i e l d ,  many compl i ca t ed  problems 
have  t o  be s o l v e d  f i r s t .  For example, t h e  f low and r a d i a t i o n  
f i e l d  i n  t h e  shock i n t e r a c t i o n  r e g i o n ;  t h e  s i z e  ( o r  diameter) 
of  t h e  c e n t e r  wake; t h e  t empera tu re ,  d e n s i t y ,  and v e l o c i t y  
p r o f i l e s  i n  t h e  c e n t e r  wake; t h e  i n f l u e n c e  of  t h e  p e r t u r b i n g  
body on t h e  c e n t e r  wake; and how a l l  t h e s e  depend on t h e  
Mach number, g a s  composi t ion ,  ambient c o n d i t i o n s ,  t o r u s  
c r o s s - s e c t i o n  r a d i u s  r ,  torus diameter D ,  body s i z e  R ,  
and d i s t a n c e  between t o r u s  and body L ,  e t c .  All t h e s e  need 
f u r t h e r  s t u d y  and e x p e r i m e n t a l  v e r i f i c a t i o n .  

I 
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CONCLUSIONS 

It a p p e a r s  t h a t  i t  i s  p o s s i b l e  t o  g e n e r a t e  an  ex- 
t ended  h i g h  t e m p e r a t u r e  and r a d i a t i v e  r e g i o n ,  s u f f i c i e n t l y  
f a r  from t h e  main v e h i c l e ,  such t h a t  much of  t h e  k i n e t i c  
energy  of t h e  combined e n t r y  v e h i c l e  i s  r a d i a t e d  away wi thou t  
h e a t i n g  t h e  main s p a c e c r a f t .  The use  o f  a torus i n  f r o n t  of  
an  e n t r y  v e h i c l e  s u g g e s t s  t h e  p o s s i b i l i t y  o f  s o l v i n g  t h e  
r a d i a t i v e  and convec t ive  h e a t i n g  problem o f  a h i g h  speed 
e n t r y  v e h i c l e .  

10 14-CpW- j a n  

Attachments  
F i g u r e s  1-4 
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